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Foreword

This document is being submitted to satisfy the deliverable “Aeroservoelastic
Design Studies” for WBS 2.1.15.2 under the High Speed Research I — Airframe
Technologies Contract NAS1-20220. The document reports work being
performed for aeroservoelasticity (2.1.15) tasks under the Technology

Integration (2.1) effort. Boeing personnel performed the analysis work reported in
this document.
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1.0 Summary

The HSCT Flight Controls Group has developed longitudinal control laws,

utilizing PTC aeroelastic flexible models to minimize aeroservoelastic interaction.. ..

effects, for a number of flight conditions. The control law design process
resulted in a higher order controller and utilized a large number of sensors
distributed along the body for minimizing the flexibility effects. Processes were
developed to implement these higher order control laws for performing the
dynamic gust loads and flutter analyses. The processes and its validation were
documented in Reference 2, for selected flight condition. The analytical results
for additional flight conditions are presented in this document for further
validation.

- The conclusions based on this study are:

1) The common FEM model and common modal EOM for control law design,
flutter and dynamic gust loads analyses have been used in an integrated
fashion.

2) The control law design process using Multiple-input Multiple-Output (MIMO)
design strategy has been established.

3) The PSD gust loads using the modal approach correlated well with the
ELFINI loads basis approach for the open loop system.

4) Reduction in responses at the pilot station is observed due to the active
control system for the selected conditions.

5) The PSD gust loads analysis for three of the four selected conditions
showed that the control laws reduced the gust loads on the wing. However,
the loads increased on the fore body, aft body and on the horizontal tail due
to increased activity of the active controls. The impact of the control laws on
the overall loads (combined static and dynamic) on the design loads was not
examined at this time.

6) The p-k based flutter analysis, frequency domain based PSD gust loads
analysis and state-space based time domain loads analysis methods should
be used concurrently for design verification and validation of contiol laws.:

7) The closed loop differences between the eight lags Roger and P-transform
models is relatively insignificant in comparison with the open loop responses.




As part of ASE methodology development and to support the ASE flutter model
design, flutter analysis was performed to study the effect of mounting springs on
flutter, for the TCA scaled airplane analytical model, in Langley TDT wind-tunnel
conditions. The parameter sensitivities of the mounting springs revealed a 4.5 to
6.5 Hz spring mount flutter mode, in addition to the basic flutter mode of 18 Hz
mode, for the tentatively selected nominal spring rate of 68 LB/in. The nominal
mounting spring rate has been changed to 100 LB/in at this time to eliminate the .
presence of mount flutter mode mechanism.

The P-transform process used for the control law design was examined and
compared with the traditional Rogers method. A summary of these findings is
documented in this part of the report. A more complete description of the P-
transform method is found in Part B of this report.




2.0 Introduction

This report presents work performed by The Boeing Company to satisfy the
deliverable “Evaluation of Aeroservoelastic Effects on Dynamic Gust Response”
for sub task 15 of Reference 1. The objective of this report is to present
symmetric gust loads and response analysis methods, with control system
included, developed under NASA HSR technical Integration Task 20 work. Also,
the effects of control laws on the gust loads and flutter are presented for selected
conditions of the PTC configuration. However, the primary goal has been to
develop an improved modeling methodology for gust loads and flutter and then
perform design studies that account for the aero-structures-systems interaction
effects early in the design process.

During the early phases of the HSR Il Program, it was recognized that the topic
of Aeroservoelasticity (ASE) would be important to the successful development

of an HSCT airplane. Aeroservoelasticity describes the interaction between .the:. i -

structure of a flexible aircraft, the aerodynamics, and the control system. In most
aircraft development projects, although the aerodynamic/structural interactions
(aeroelasticity) are considered as early as possible, the initial control system
development design process does not use a fully dynamic structural
representation of the aircraft. The usual representation is called Quasi-Static
Aeroelastic (QSAE) which accounts for the static stiffness, but not the dynamic,
characteristics. Often, control system “fixes” need to be accomplished at later
stages of the design, sometimes after the initial vehicle design is complete. This
process leads to additional expense, schedule delays, and high risk. Until 1997,
the HSCT flight controls development was based on QSAE model.

Under the Technology Integration Task, efforts were undertaken to develop and
evaluate the development of tools and methods which could be employed by all
the affected disciplines to address ASE interactions, and use those tools and
methods to examine the ASE effects on specific configurations under
consideration. An ASE Working Group was established to address specific tool
development and design study activities. The group concentrated on longitudinal
control/symmetric flutter and gust loads interactions, control effects on lateral-
directional control / antisymmetric flutter interactions and dynamic maneuver
loads. The activities of the Working Group are described in this report.

The TCA configuration flight control laws (gamma-dot/V) were designed based

- on the rigid airplane dynamics (QSAE models) and using “mean axis ideal -
sensors” for the TCA configuration. Closed loop flutter analysis showed that the
airplane flexibility would drastically destabilize the airplane in the entire speed
spectrum. This was also confirmed by the flight controls ASE analysis process,
utilizing the real sensors that had the dynamic structural modes feed back
effects. These findings and the ASE method validations and descriptions were




published in the March 1998 Level IV report, “Evaluation of Aeroservoelastic
Effects on Symmetric Flutter’ (Reference 3). Also, the airplane flexibility effects
were later observed in the lateral axis ASE flutter analyses while making the
assessment of the p-beta control laws.

The above findings changed the direction of the control law design process and
later effort was directed towards developing the control laws for pitch axis control
and stability augmentation system using the flexible dynamic aeroelastic models
and real sensors to reflect correct structural feedback effects. The control law
design process used the Multiple-Input and Multiple-Output strategy known as
Linear Quadratic Gaussian (LQG) regulation and estimation. Also, the effort was
directed in developing processes using the common model approach and
common equations of motion for control law design, flutter and dynamics gust
loads analyses. These new processes were developed and validated using the
dynamic aeroelastic models that became available for the PTC airplane
configuration. The results for selected conditions were published in the 1998
Level IV report, “ Evaluation of Aeroservoelastic Effects on Dynamic Gust .. ‘
- Responsg” (Referénce 2). The complexity of the higher order contrélfawsled to -+ -
extensive and detailed process validation across multiple disciplines including
flutter, gust loads and flight controls. The processes utilized various software
tools including Apex, Easy5_Mat, Matlab, Perl and Elfini. Method improvements
were made to handle high order control laws and automate the control laws
implementation into the p-k flutter and gust loads analyses. Also computation
time reduction, by as much as 33% relative to traditional approach, was achieved
while performing the flutter analysis. Results for several conditions showing
further validation of the processes are presented in this report.

As part of ASE methodology development and to support the ASE flutter model

design, flutter analysis was performed to study the effect of mounting springs

and Mach number on flutter. The analysis was based on the TCA scaled = = i =
airplane model in the TDT tunnel environment. Several observations were made

during the investigation and these results are presented in this document.

One of many ways to generate aeroelastic models for use in control law design
and dynamic gust loads is to use the P-transform method. This method
transforms the frequency or k domain modal based open loop equations to s-
domain equations. The control system can then be designed, based on the s-
domain equations, to account for aeroelastic effects and minimize the adverse
coupling between the structures and flight control system. This approach has
been used for HSCT configurations for designing stability augmentation systems,
“structural mode control, and to improve nandling and ride qualities of the: '
airplane. However, the above process makes the basic assumption that the
aeroelastic characteristics do not change by the inclusion of the augmentation
systems. The validity of this assumption is examined and the results are




documented in this report. A more complete description of the P-transform
method is given in Part B.

3.0 Approach

The control law design strategy used has been described in detail in Reference 2
for minimizing the structures/systems interaction effects. The methodology is
extended to additional mass / flight conditions for further validations of processes
used for multidisciplinary environment including flutter and dynamic gust loads.
Additional improvements are made to the flutter process for minimizing the
computational time required for closed loop analysis, by use of complex A,B,C,D
matrices to generate the system transfer functions and eliminate the need for
inverting the (sl-A) matrix in the iterative process. This process is described in
Section 5.4.

- APEX p-k flutter process was used-to support the ASE model desigh; for <~ 1« wiww

evaluating the effect of mounting spring rates and Mach number on flutter
characteristics of the ASM flutter model. This was done as part of the ASE
methodology development. Some interesting trends were identified and these
results are discussed in Section 8.3.

To evaluate the underlying assumption in the P-transform process use for control
law design, the MATLAB tool is used to represent the EOM in state-space form
by use of Rogers aerodynamic approximation and the P-transform process. The
responses at the pilot station were calculated, using the two aero
representations, for nominal control laws for a selected mass/flight condition.
The two processes and the comparison between the two are presented in
-Section 5.1 and the p-transform process is described briefly in Appendix A. .

4.0 Aeroelastic Models

Aeroelastic models developed for the PTC configuration are used for the control
law design, flutter and dynamic gust loads analyses are described in Reference
4. The description of the Elfini based finite element model, the linear unsteady
aerodynamic theories used for the aeroelastic analysis have been described in
Reference 2. The math model utilized 60 flexible modes, 3 symmetric rigid body
modes, and three partial rigid degrees of freedom for the canard, stabilizer and
. elevator rotation modes reqwred for control system closed loop representation.

It may be noted that the PTC conflguratlon has a critical flutter problem and the
stiffness design closure was not established. PTC variant configurations were
examined to improve the flutter stability of the airplane with minimum weight
penalty. Therefore, the strength design model (PTSD) of Reference 3 is used to
establish the gust loads analysis process and incorporate the control effects into

5
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the analysis process. Four flight conditions are considered for establishing the
analysis process. They are,

1) M=0.65 at an altitude of 35000’ (Veas=208.56) for mass case M1 (light
weight)
2) M=0.65 at an altitude of 35000’ (Veas=208.56) for mass case MT1
(maximum weight, forward c.g.)
3) M=2.4 at an altitude of 66000’ (Veas=365.64) for mass case M1 (light weight)
4) M=2.4 at an altitude of 66000’ (Veas=365.64) for mass case MT1 (maximum
- weight, forward c.g.)




5 Control Law Design Process

Control law development efforts occurred in close cooperation with the HSCT Structures. The
primary goal of this effort, as mentioned earlier in this report, was to validate analysis and design
processes used by the Structures and Flight Controls communities.

As the main emphasis for this stage was not to provide a mature control law design, the
development of a detailed set of control law requirements was postponed. The simplified control
law design goals were:

1. Augment damping of structural modes, primarily low frequency.

2. Provide rigid body stability augmentation.

3. Provide flight path angle control performance comparable to current HSR baseline YV
design.!

4. Use only “real” sensors for feedback (i.e. no use of mean-axis sensors).

5. Ensure closed loop stability for high order, high fidelity, state-space vehicle representations.

5.1 State-Space Vehicle Models and Actuator Modeling

The first step in any control law design process is to develop a model of the system to be
controlled. Flight Controls obtained Elfini file 41 data descriptions of the PTC vehicle for two
mass cases (M1 and MT1) and two Mach numbers (Mach 0.65 and Mach 2.40). These four flight
conditions and their designations are shown in Table 5.1.1. State space models for each of the

Flight Conditions
Mass Case | Mach | Altitude | Designation

M1 0.65 | 35kit FA165
M1 2.40 | 66 kft FA124
MT1 0.65 | 35 kft FA865
MT1 2.40 | 66 kit FA824

Table 5.1.1: Analyzed Flight Conditions

four flight conditions were developed and combined with simple third order actuator
representations. The resulting vehicle plus actuator systems were then used for control law
cestgin. The previous release of this report in Decomber of 1998 [2] described the results for orily
the FAB865 flight condition. This report presents data for the remaining three flight conditions.
Results are presented in Section 7.2 and Appendix A.1.

'The current 4V design is a combination of a QSAE control law providing stability augmentation and maneuver
control, and a structural mode control law providing augmentation of flexible mode damping. This QSAE control law
makes use of mean-axis sensor measurements.




Actuator Modeling

The symmetric FEM model data received from Structures contained eight (8) actuator degrees of
freedom: stabilizer, elevator, canard, and the five right wing trailing edge surfaces (DTE6-10).
The functional allocation for these surfaces currently being assumed is that the canard, elevator,
and trailing edge surfaces are used to provide active structural damping, and that the stabilizer
and canard are used for mean-axis stability augmentation and maneuver control. As such, the

canard, elevator, and trailing edge surfaces are viewed as high bandwidth devices (fast
actuators), and the stabilizer is viewed as a low bandwidth device (slow actuator). As described
in Reference [2], simple, linear, third order actuator models were used.

Airframe Modeling

State-space models were generated for each of the four described flight conditions (see

Table 5.1.1). The general process for creating these state space models involves the well known
Roger Rational Function Approximation (RFA). This process is described in greater detail in. . .-
Reference [2] and includes actuator modeling descriptions.

In an effort to minimize the order of the resulting control law (LQG control designs have as many
states as the vehicle design model), design models were constructed for each of the four flight
conditions using no additional lag states. This keeps the control law order at roughly twice the
number of modes in the vehicle, but sacrifices accuracy. One of the findings of last years report
was that great care needed to be taken when using these less accurate models for control
design, else stability could be significantly compromised. There are several solutions to this
dilemma of wanting low control law order and high model fidelity. One is to use a high order, high
fidelity vehicle model, and reduce the control law order later. Another is to use a reduced order
vehicle model to keep the control law order manageable.

A more high fidelity means of generating open loop vehicle models of low order is the P-transform
method. The methodology was developed at McDonnell Douglas in the 1980’s, and is based on
the PK flutter solution process (see Appendix A.2). From the standpoint of capturing dynamic
vehicle motions, models produced using the p-transform method have high accuracy open loop,
and generally have acceptable accuracy closed loop?. In the open loop case, p-transform models
exactly match the results of traditional PK flutter analysis. In the closed loop case, model
accuracy is somewhat degraded, but appears more than adequate for most flight controls work.

Figure 5.1.1 depicts a comparison of 8-lag Roger and P-transform model accuracy in an open
loop setting. This comparison was conducted for the Mach 0.65 MT1 flight condition at 35,000
feet. Note that lightly damped poles show excellent agreement, and more damped poles show
ctill show very good agreement. : :

Figure 5.1.2 depicts a comparison of 8-lag Roger and P-transform model accuracy in a closed
loop setting. This comparison was conducted for the same Mach 0.65 MT1 flight condition at
35,000 feet. The control law, in this case, was a very aggressive, LQG-derived ~y controller using
output feedback. Again, the lightly damped poles show reasonably good agreement, but the more

2The accuracy of the P-transform method for estimating dynamic loads is discussed in Part B.




Open Loop Root Comparision: P-transform vs Roger (faB65u_f41, 35kit)
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heavily damped poles are more suspect. As poles alone do not tell the entire story, it is valuable
to also examine the frequency response. Figure 5.1.3 shows a closed loop frequency response
comparison of the Roger and P-transform models. The open loop response is also shown to cast
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Figure 5.1.3: Open Loop Comparison: P-transform vs. 8-lag Roger Model

differences between the two closed loop responses into proper perspective. This frequency
response is from canard command input to pilot station load factor. Comparing with the open
loop response, it is clear that the control law is very effective at reducing modal excitation.
Furthermore, in comparison with the open loop response, the closed loop differences between
the 8 lag Roger and P-transform models is relatively insignificant.

5.2 Control Law Design Method: LQG

The control design methodology adopted in this report is a Linear Quadratic Gaussian (LQG)
approach, and is identical to that reported previously in Reference [2]. The LQG control design
consists of an “optimal” full state feedback regulator and an “optimal” state estimator. For further
details on this controi design approach, please see last year’s report [2]. o




5.3 Control Law Diagonalization for Computational Efficiency

Any control law may be described by a set of state space equations as

Ze = Az, + By (5.1)
u = Cz.+ Dy, (5.2)

where z. are the nominal control states, y is the measurement vector, and u is the control law
output.

Calculating the frequency response function for a high order control law involves computing the
quantity

F(w) = C(jwl — A)"' B + D. (5.3)

For a high order control law, or for a large number of frequency evaluation points, the matrix
inverse calculation in Eq.(5.3) can be costly. One approach for significantly reducing the '
computational burden of generating frequency response data is to diagonalize.the control law.
The matrix inverse in Eq.(5.3) then reduces to the trivial problem of n scalar inverse calculations,
where n is the order of the control law.

The process for diagonalizing the control law and its system A matrix is to transform coordinates
to the orthogonal normal modes given by the control law eigenvectors. In the event of repeated
roots it will not be possible to fully diagonalize the control law, but computational savings can still
be obtained by block diagonalizing the control law into a Jordan canonical form.

If the control law eigenvector matrix or Jordan form transformation is given by @, then the
diagonalized control law may be written as

Beg = B 1ADz 4 + OBy (5.4)
u = CPzq + Dy. (5.5)
The diagonal (or block diagonal) matrix (jw — ®~1 A®) is then much easier to invert than

(jw — A). It should be noted that the state-space descriptors of the diagonalized system are in
general complex.




6.0 Flutter and Gust Loads Analysis Processes

The common model approach used for the present study is based on the CATIA
FEM model and Elfini aeroelastic model described in earlier Section 4.0 of
“Reference 2. The aeroelastic models described in Section 4.0 and the control
laws of Section 5.0 are used for incorporating the higher order control laws into
the flutter analysis process. The analytical results would be used as a basis for
validating the stability characteristics with the other tools. Also, the frequency
response analysis results generated using the APEX analysis process
(Reference 5) are used for correlation purposes. A summary of the approach
and the equations solved are reported in Reference 2.

The open loop dynamic gust loads is based on the loads basis approach used in
the Elfini aeroelasticity Module. This approach is selected so as to have a
common basis with the static loads method. However, the common model modal - -
approach is used for validation purposes, with other processes, as well as to
assess the closed loop control effects, in the frequency and time domains, on
dynamic gust loads. Reference 2 describes in detail the processes used for the
gust analyses, continuous turbulence and discrete gust. The processes included
Elfini loads basis approach, common model modal approach, the discrete gust
analysis using FFT analysis and state-space analysis approach for open and
closed loop systems.

7.0 Results

7.1 Validation Process

To ensure that various analysis processes use consistent aeroelastic models
and control laws, frequency response analysis validation is carried out separately
for each of the components such as structures/plant model, control laws plant
model and then obtain overall loop transfer functions. This was done in detail for
M=0.65, altitude=35000’ condition. The various programs including APEX,
EASY5_MAT and Elfini are used for this validation process. The
implementation verification of the structures/plant validation and control laws was
performed for the above condition and is reported in Reference 2. The
correlation was found to be excellent. The process has not changed for other
mass / flight conditions and therefore the comparisons were not performed.

Validation of the second order model and the force summation approach were
performed in detail and the results are reported in Reference 2. The comparison
verified that the common model approach using the modal basis and the force
summation approach resulted in reliable results using a lesser number of elastic
models.




7.2 Control Laws Performance Assessment

7.2.1 Open Loop Model Analysis

This section presents frequency response comparisons that illustrate the effect of certain model
generation parameters. The key parameters that were varied were the number of retained
structural degrees of freedom, and the number of aerodynamic lag states used in the RFA
process. .

Figures 7.2.1.1-7.2.1.3 depict the open loop frequency responses from commanded stabilizer,
elevator, and canard, respectively, to vertical load factor response at the pilot station for mass
case M1, Mach 0.65, and 35,000 feet. These responses incorporate the characteristics of the
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Figure 7.2.1.1: Open Loop Frequency Response, FA165, Stabilizer to N, Pilot

third order actuator model. Results are shown for an “exact” solution, a 60 flexible mode 4 lag
solution, and a 20 flexible mode 0 lag solution. The “exact” solution was constructed from purely
frequency domain model analysis using linear interpolation of the unsteady aerodynamic data.
The 60 mode 4 lag solution retained all the flexible modes included in the data from Structures,
and used 4 aerodynamic lag states in the RFA process. Finally, the 20 mode 0 lag solution
truncated all but 20 lowest frequency in-vacuo modes and used 0 lag states in the RFA process.

Overall, below roughly 7 Hz, there is good agreement between the 60 mode, 20 mode, and
“exact” solutions, both in terms of magnitude and phase characteristics. Beyond 7 Hz, however,
the 20 mode model begins to lose fidelity, but the 60 mode model continues to closely follow the
“exact” solution.
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The agreement for the frequency response from the canard command input shows the greatest
differences between the 20 and 60 mode representations. This is a nearly co-located transfer
function that exhibits significant content due to inertial effects of the canard itself. These inertial
effects, due largely to surface mass imbalance, result in the transfer function having a +2 slope,
or +40 dB/dec, at high frequency. It is interesting to note that even for modes still included in the
20 mode model, there is a significant difference when compared with the 60 mode model3.

Similar frequency response plots for the FA124 and FA824 flight conditions are shown in
Appendix.section A.1 in Figs. A.1.1-A.1.6.

7.2.2 Compensator Analysis

The LQG compensator defined by the optimal regular and optimal estimator designs[2] is a
dynamic compensator. The compensators designed in this report use sensors located at 13 body
centerline locations distributed from nose to tail. Specifically, the compensator uses the following
sensors: -

¢ 13 body centerline pitch rate sensors (q)

¢ 13 body centerline normal load factor sensors (V)

+ 1 nominal center of mass altitude rate sensor (izcm)

¢ 1 nominal center of mass altitude sensor (hcm)

9 control surface sensors (position, rate, and acceleration for the canard, stabilizer, and
elevator surfaces).

The surface positions, rates, and accelerations are assumed to be directly measurable, and are
not estimated by the estimator. The output of the compensator are surface position commands to
the canard, stabilizer, and elevator.

in many of the open loop vehicle frequency response plots shown in Figs.7.2.1.1-7.2.1.3 and
A.1.1-A.1.6, magnitude does not roll off with increasing frequency (some, in fact increase with
frequency). In order to minimize the adverse affects of unmodeled high frequency dynamics and
noise, it is important that the compensator assume an aggressive role in rolling off high frequency
signal content.

Figures 7.2.2.1-7.2.2.4 show the compensator frequency response from measured gnoses Nznose s
hem, and hem to commanded canard, stabilizer, and elevator for flight condition FA165. As is
evident, the majority of the compensator dynamics are clustered in the relatively broad range of
1-10 Hz. Beyond 10 Hz, the transfer functions roll off at between 20 and 40 dB per decade,
depending on the particular actuator and sensor. Figures A.1.7-A.1.14 in Appendix section A.1
show similar compensator frequency response results for the FA165 and FA824 flight conditions.

3At 6 Hz, which is below the cutoff point for the 20 mode model, there is roughly a factor of 2 discrepancy in
magnitude between the 20 and 60 mode models
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The results presented here are for version 5 of the control law design. An earlier design (version
3) is also referenced by other sections of this document. Time did not allow for investigating
control law robustness to unmodeled dynamics and uncertainties in modeled dynamics, but such
studies would most likely indicate that lower bandwidth and more aggressive roll off are desirable.
Future control law design iterations will more thoroughly investigate robustness and aim at
achieving more aggressive roll off and a lower bandwidth.

7.2.3 Closed Loop Analysis

As mentioned earlier, the 20 mode 0 lag vehicle model was used for control law desigh purposes
in an effort to minimize controller order. By using this control law design to close a loop around
the higher fidelity 60 mode 4 lag model, one effectively introduces unmodeled plant dynamics.

Figures 7.2.3.1-7.2.3.3 demonstrate the effectiveness of the control design in suppressing
structural mode excitation for the M1, Mach 0.65, 35,000 ft flight condition. For the most part the

Closed Loop Vehicle Frequency Response, FA165, Canard to N Pilot
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Figure 7.2.3.1: FA165 Closed Loop Frequency Response from Canard to N, Pilot

control law significantly reduces structural mode excitation across the frequency spectrum. There
are, however, some areas exhibiting slight modal accentuation, but this is not felt to be significant.

It is noteworthy that the computational time required to generate the frequency response results
for the FA165 flight condition using the 60 mode 4 lag Roger model plus control law was roughly
an order of magnitude longer than that required for the p-transform resulis shown in Section 5.1.
The Roger results involved frequency response generation for roughly a 380th order system
(360th order vehicle model, 20th order control law), whereas the p-transform results involved
roughly a 120th order system (60th order vehicle mode, 60th order control law). Additional closed
loop frequency response plots for the FA165 and FA824 flight conditions are shown in Appendix
section A.1 in Figs. A.1.15-A.1.20.
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7.3 Flutter Analysis Results

APEX p-k flutter analyses were performed for the Mach/mass conditions
considered in Section 4.0. The open loop results are documented in Reference
2 for various Mach/mass conditions and are also included in Appendix C of this
document.

The present effort is focused on establishing the process to implement higher
order control laws into the p-k flutter analysis. Also, it should be.noted that the
control laws are point designed for specific flight condition. However, the p-k
flutter analysis can be used to identify the flutter sensitivity due to speed and
other control law variables such as gain and phase. The control laws
implementation into the APEX process was first established by validation with
other analysis processes (loads and controls). Several versions of control laws
were then made available in an effort to improve the control laws performance
and also minimize its impact on structural responses. Therefore, the match point
p-k flutter analysis was performed using the control laws of version 3 and 5. The
closed loop flutter solution is shown in Figures 7.3.1 to 7.3.4 for version 5 control - -
laws and the flutter results are included in Appendix B for the version 3 control
laws. The results show that the elastic modes exhibit flutter stability up to 10 Hz
for nominal gain for version 5 control laws of conditions 2,3 and 4. However, 9.8
Hz and 1.9 Hz flutter instabilities were observed for condition 1 (M=0.65,
altitude=35k, mass M1). Further evaluation of the control laws including the gain
and phase margin determination at various speeds has not been done at this
time.

The present analytical results show that the low frequency modes exhibited
stability at nominal gain for many of the conditions analyzed as compared to the
QSAE design based control laws of Reference 3. The study demonstrates that

an adequate number of sensors combined with use of flexible models for control - -

law design would reduce the interaction effects between the flexible structure
and the control system.

The system transfer function for control laws implementation into the APEX p-k
flutter process was initially based on the real A, B, C and D matrices generated
by the MATLAB process. This required inversion of (sl-A) matrix during the
iterative flutter process. The computational time required for a typical flutter
analysis was significantly high. In order to eliminate the inversion process and
hence reduce the computational time, Control law diagonalization was performed
for generation of A, B, C and D matrices using the MATLAB process.. This
reduced the computational time for flutter by 33% (3.53 hours versus 5.26 hours
on RS6000 workstation for a typical flutter analysis). However, this process
improvement resulted in the use of complex matrices for A, B, C and D instead
of real matrices and this has not been a problem. The comparison of results




between the two processes is shown in Figure 7.3.5 and the results are found to
be essentially the same.

As part of ASE methodology development and to support the ASM flutter model
design activities, flutter analysis was performed to study the effect of mounting
springs on flutter for the TCA scaled airplane analytical model (based on
NASTRAN FEM), in Langley TDT wind-tunnel conditions. The effects of model
mount spring rate and Mach number on ASM flutter are summarized in Figure
7.3.6 for g=0.0 and 0.03 damping levels. The parameter sensitivities of the
mounting springs (front and aft) revealed the following:

1) Two flutter mechanisms are identified for a nominal spring rate of 68 LB / in
for front and aft mounts. They are 4.5 to 6.5 Hz spring mount flutter mode
and 16 to 18 Hz basic flutter mode of primary interest.

2) The spring mount flutter mechanism is sensitive to the spring rates of the
front and aft mounts.

| 3) The two flutter mechamsms are basucally uncoupled and the basic flutter
mechanism (18 Hz) is insensitive to the spring rates.

4) Unequal spring rates of the front and aft mount would alleviate the mount
flutter instability.

5) The spring rates of 132 to 264 LB / in would shift the first wing elastic mode
frequency by about 20% (from 12.3 Hz to 14.8 Hz) and the second elastic
mode frequency by about 5% (from 14.6 Hz to 15.3 Hz). The effect of this
on the ASE requirements need to be examined.

~ 6) The spring mount mode appears to be more “q (dynamlc pressure)”
dependent based on this linear analysis at lower spring rates.

7) The basic flutter mode is highly sensitive to Mach number as expected and
follows the trend of airplane analytical results.

Following the trends based on this analysis, the nominal mounting spring rate
has been changed to 100 LB/ in at this time.

7.4 Loads Analysis Results
7.4.1 ELFINI Loads Basis

This study has emphasized the process establishment for gust loads and not the
real design. Only four conditions are analyzed to demonstrate the process and
for future refinement. The results of Elfini loads basis method (open loop
results) for the four selected conditions have been reported in Reference 2.
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Also, the results for condition 1 (M=0.65, MT1) were used to correlate with the
modal based common process, and good agreements are observed.

All the gust loads analysis results, relevant to the open loop analysis, are
reported in Reference 2. The results include the frequency response functions
of vertical shear, vertical bending moment and torsion, and the root-mean-square
values, at the roots of main wing and horizontal stabilizer. Also, the span load
distributions along the wing and horizontal stabilizer quarter chord and loads
along the fuselage stations are reported in Reference 2. In general, MT1 mass
configuration gives slightly higher load levels. Also, for the supersonic
conditions significantly lower load levels are observed because of the lower gust
level at higher altitude.

7.4.2 Closed Loop Effects on PSD Gust Loads

The control laws effects are identified by comparing the open and closed loop
responses for the PSD gust loads using the second order models. Comparison
of open loop versus closed loop transfer functions, power spectra and .
cumulative RMS values for the four fllght conditions considered are included in’
Appendix C. Different control law versions (version 3 and 5) were used in an
effort to minimize the adverse structures / control systems interaction effects and
improve flutter stability characteristics. Version 5 control law was considered to
give better control characteristics and possibly minimize the impact on structural
responses. It should be noted that the results that have been generated for the
four conditions have not been thoroughly understood at this time. Figures
7.4.2.1 through 7.4.2.12 show the maximum incremental loads, for the open and
closed loop conditions of four mach / mass cases considered, integrated along
the wing and stabilizer span and fuselage loads integrated along the stream wise
axis. It is to be noted that the fuselage loads actually include the wing and
stabilizer loads. The results show that wing loads were generally reduced for
three of the four conditions and is attributed to the flight controls loop closure and
resulting in higher damping and increased frequency of the short period pitch
mode. However, fuselage loads and stabilizer loads in general are higher in the
closed loop solution because of the active control action of the canard, stabilizer
and elevator.

7.4.3 Discrete Gust Loads Analysis

Discrete gust loads have been calculated for two typical flight loads cases. The
- first is for Mach 0.65 at 35,000 ft altitude and the second is for Mach 2.40 at
66,000 ft for mass case MT1. Also, the effect of gust gradient Iength was
evaluated and the envelopes for the integrated loads along the wing and
stabilizer span and loads integrated along the fuselage in the stream wise
direction have been calculated. These results along with detailed discussions
have been presented in Reference 2. The comparison of the open versus




closed loop results reveal that closed loop wing loads are slightly lower than the
open loop loads, but closed loop fuselage and stabilizer loads exceed the open
loop results due to active control action.

8.0 Conclusions
This aeroservoelastic investigation has demonstrated the following:

1) The common FEM model and common modal EOM for control law design,
flutter and dynamic gust loads analyses have been used in an integrated
fashion.

2) The control law design process using Multiple-Input Multiple-Output (MIMO)
design strategy has been established.

3) The PSD gust loads using the modal approach correlated well with the
ELFINI loads basis approach for the open loop system.

4) Reduction in responses at the pilot station is observed due to the active
control system for the selected conditions.

5) The PSD gust loads analysis for three of the four selected conditions
showed that the control laws reduced the gust loads on the wing. However,
the loads increased on the fore body, aft body and on the horizontal tail due
to increased activity of the active controls. The impact of the control laws on
the overall loads (combined static and dynamic) on the design loads was not
examined at this time.

6) The p-k based flutter analysis, frequency domain based PSD gust loads
analysis and state-space based time domain loads analysis methods should
be used concurrently for design verification and validation of control laws.

7) The P-transform method appears to be an attractive method for generating
low order vehicle models required for ASE control law design but should be
used in addition to higher fidelity models.

9.0 Recommendations

1) Incorporate more stringent and realistic requirements in to the control design
process such as frequency, damping, gam and phase margm requirements.

2) Evaluate the gust Ioads |mpact on the arrplane design by quantltymg the
results and comparing gust loads results to the 2.5g maneuver design loads.

3) Apply the processes developed to the lateral/directional control system.
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State Space Modeling and Control Laws
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A State Space Modeling and Control Laws

A.1 Control Law Performance Analysis
Open Loop Model Analysis

This section provides additional information on the state-space vehicle models for flight
conditions FA124 and FA824. Figures A.1.1—A.1.3 present comparisons of open loop frequency
response characteristics for FA124, and Figs. A.1.4 —A.1.6 provide similar information for FA824.

Open Loop Vehicle Frequency Response, FA124, Stabilizer to hi Pilot
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Figure A.1.1: Open Loop Frequency Response, FA124, Stabilizer to N, Pilot

Compensator Analysis

This section provides additional information on the control law designs evaluated in this report.
This-information is in the form of compensator frequency response plots for select input/output
pairs for flight conditions FA165 and FA824. Figures A.i.7-A.1.10 depict ine trequency -
responses for the M1, Mach 2.4, 66,000 feet flight condition, and Figs. A.1.11-A.1.14 depict the
frequency responses for the MT1, Mach 2.4, 66,000 feet flight condition.
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Open Loop Vehicle Frequency Response, FA124, Elevator to bi Pitot
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Figure A.1.2: Open Loop Frequency Response, FA124, Elevator to N, Pilot

Open Loop Vehicle Frequency Response, FA124, Canard to N‘ Pilot
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Figure A.1.3: Open Loop Frequency Response, FA124, Canard to N, Pilot
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Open Loop Vehicle Frequency Response, FAB24, Stabilizer to N, Pilot
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Figure A.1.4: Open Loop Frequency Response, FA824, Stabilizer to N, Pilot

Open Loop Vehicle Frequency Response, FA824, Elevator to l*i Pilot
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Figure A.1.5: Open Loop Frequency Response, FA824, Elevator to N, Pilot
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Open Loop Vehicle Frequency Response, FA824, Canard to N, Pilot
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Figure A.1.6: Open Loop Frequency Response, FA824, Canard to N, Pilot

FA124 Compensator Freq Response from Nose Pitch Rate Input (#4), Varsion 5
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Figure A.1.7: FA124 Compensator Frequency Response: Nose Pitch Rate Input (#4)
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FA124 Compensator Freq P from Nose Load Factor Input (#17), Version 5
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Figure A.1.8: FA124 Compensator Frequency Response: Nose Load Factor Input (#17)

FA124 Compensator Freq Resp from CM Sink Rate Input (#28), Version §
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Figure A.1.9: FA124 Compensator Frequency Response: CM Sink Rate Input (#28)
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FA124 Compensator Freq Response from Integrated CM Sink Rate Input (#29), Version 5
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Figure A.1.10: FA124 Compensator Frequency Response: Integrated CM Sink Rate Input (#29)

FA824 Compensator Freq Response from Nose Pitch Rate Input (#4), Version 5
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Figure A.1.11: FA824 Compensator Frequency Response: Nose Pitch Rate Input (#4)
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Figure A.1.12: FA824 Compensator Frequency Response: Nose Load Factor Input (#17)
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FA824 Compensator Freq Response from Integrated CM Sink Rate Input (¥29), Version 5
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Figure A.1.14: FA824 Compensator Frequency Response: Integrated CM Sink Rate Input (#29)

Closed Loop Analysis

Figures A.1.15-A.1.20 demonstrate the effectiveness of the control design in suppressing
structural mode excitation for the FA124 and FA824 flight conditions.
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Closed Loop Vehicle Frequency Response, FA124, Canard to N Pilot
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Figure A.1.15: FA124 Closed Loop Frequency Response from Canard to N, Pilot

Closed Loop Vehicle Frequency Response, FA124, Stabilizer to N Pilot
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Figure A.1.16: FA124 Closed Loop Frequency Response from Stabilizer to N, Pilot
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Closed Loop Vehicle Frequency Response, FA124, Elevator to N Pilot
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Figure A.1.17: FA124 Closed Loop Frequency Response from Elevator to N, Pilot

Closed Loop Vehicle Frequency Response, FA824, Canard to bi Pilot
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Figure A.1.18: FA824 Closed Loop Frequency Response from Canard to N, Pilot
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Closed Loop Vehicle Frequency Response, FA824, Stabilizer to h; Pilot
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Figure A.1.19: FA824 Closed Loop Frequency Response from Stabilizer to N, Pilot

A.2 State Space Modeling: The P-transform Method

e lterative procedure for extracting flutter roots.

¢ Unsteady aerodynamics approximated by aerodynamics evaluated at the current root being
converged upon.

o Traditional method uses eigenvalue extraction.

e Process:

1. Gather input data: M, K, @, ®, k.
2. Calculate desired viscous damping matrix C.
3. Governing equation

(Ms® +Cs+ K — ¢aQ(3)) q(s) = 0 (A.1)

4, Fartition M, C, K, aind Q Into 2 x 2 blochs correspondiiig to stiuciural niodes and
surface deflections. Example:

M M
M= | e Db ] A2
[ M., M, (A2)
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Closed Loop Vehicle Frequency Response, FAB24, Elevator to hl Pilot
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Figure A.1.20: FA824 Closed Loop Frequency Response from Elevator to N, Pilot

5. Discard lower set of equations involving (-)s.s and (-).6, quantities. Yields

{Musz + Css + K,y ~ (IdQsa(g)} gs(s)

= — {M,5,5% + Cys,5 + Kss, — 2aQus,(3)} g5, (s) (A.3)

6. Assume zero damping on all roots
94Q(3)a(s) = 9aQ"(8)q(s) + iquQ’ (3)q(s)
2Q(8)a(t) = 1aQ"(8)a(®) + ~0.Q"(8)4(1)

~ 24Q"(t) + 170" (3)i()

(A.4)
(A.5)

(A.6)

7. Substitute Eq.(A.6) into Eq.(A.3). Yields new governing equation used throughout PK

process

N _ b .
Qs(t) = Mul (Qd W Q:a - Css) (Is(t)

+ Ma_.;l ((IdQﬁ; - Kas) (Ia(t)
~ M My, G5, (2)

- b .
+ 343 (aa g7 @l - Ca.) )

+ M7 (0aQF, - Ks,) 4. (t) (A7)
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10.
11.

12.

Convert Eq.(A.7) to first order state-space form
T = Az + Bu (A.8)

where ’
. [ M5! (g ﬁl QL -Cu) M (Qd%ﬁ ~ Ku) ] (A9)

—M,, Mus, 017
(A.10)

B = [ Ma_s qd hV Qa&c Ca&:) 0
u (Qandc 36:) 0

z=| 2| u= gc . (A.11)
["‘°] [6]

Now perform PK iteration using A matrix, Eq.(A.9).

(a) Interpolate @ to current value of ith eigenvalue.
(b) Form A matrix for interpolated Q.
(c) Extract eigenvalues (\) and eigenvectors (v) of A.
(d) Compare iy, eigenvalue with previous iteration. If difference is large, go to step 9a
(e) Store converged eigenvalue and eigenvector in A and T', respectively.
() Generate in-vacuuo mode B;, = B matrix, EQ.(A.10). '
(9) Transform B;, into in-air mode equivalent B;, = T-1B;,. Save row of B;,
corresponding to converged root only.
(h) If not done, goto step 9a and converge on next root.
Form in-air A matrix A;; = A
Convert final in-air matrices back to in-vacuuo coordinates

Aptra.ns = Ap = TAiaT—.l (A.12)
Bptrans = By = TBia (A-13)

Equations (A.12) and (A.13) represent the finished p-transform A and B state-space
matrices.

Form output matrices C and D for output equation
y=Czx+ Du (A.14)

For position and velocity outputs, C is composed of rows of the eigenvector matrix ®.
Acceleration outputs involve differentiating Eq.(A.14).
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APPENDIX B

Flutter Analysis Results

Open and Closed Loop for Version_3 Control
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APPENDIX C

Frequency Response Functions and - o
Cumulative RMS values for Selected
Conditions and Locations
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